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   
           
           
            
               
             
             


              
             
            
             
            
             
              
             
              
              
                
             
            
             
             
       
            
              
      
               
            
            
             
               
             
   
               
                

                 
               
               
            
             
                

         
              
           
             
              
             
            
              
                
 
 
             
                  
               
     
    
                 
               
  


 

                 
              
                
              
              
          
        

                
               
        
              
              
             
           
                    
              
            
     
     
               

 
      
   
                
            
               
             
  
          
             
            
         
   
                
             
           
               
           
        
             

    
             
   
 
   

   
  
     
           
  
         
               
     
               
     
         
             
              

      
             
              
             
       
           
          


   
             
   
            

          
        
                

 


     
               
             
    
         
            
              
              
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1 Appendix
1.1 A
The non-zero components of Ricci tensor for R-W metric are
R00 = −3 a¨
a
Rij = −[ a¨
a
+ 2
a˙2
a
+ 2
k
a2
]gij (1)
and Ricci scalar is given by,
R = −6[
˙˙a
a
+
a˙2
a
+
k
a2
] (2)
1.2 B
ρ =
g
(2pi)3
∫ ∞
m
d3pf(E, t)E
ρ =
g
2pi2
∫ ∞
m
dE
(E2 −m2)1/2E2
exp[E−µ
T
]± 1 (3)
In the relativistic limit T >> m and T >> µ the above equation becomes
ρ =
g
2pi2
∫ ∞
0
dE
E3
expE/T ± 1
(4)
using the general integration∫ ∞
0
dx
xr−1 exp (−ax)
e−ax − 1 = τ(r)ζ(r)/a
r (5)
∫ ∞
0
dx
xr−1 exp−ax
e−ax + 1
= τ(r)(1− 1
2r−1
)ζ(r)/ar (6)
ζ(r) is Reinmann-zeta function of order r and ζ(4) = pi4/90 We get
ρ = pi
2
30
gT 4 (for bosons)
ρ = 7
8
pi2
30
gT 4 (for fermions)
similarly
n = =
g
(2pi)3
∫
d3pf(E, t)
(7)
1
n =
g
2pi2
∫ ∞
m
dE
(E3
exp[E−µ
T
]± 1 (8)
using Eq.5 and 6 we get
n = ζ(3)pi2gT 4(for bosons)
n = 7
8
(ζ(3)pi2)gT 4(for fermions)
p = ρ =
g
(2pi)3
∫ ∞
m
d3pf(E, t)
|p|2
3E
(9)
proceeding in the similar way,we get p = ρ
3
For non-relativistic case m >> T
n = ρ =
g
(2pi)3
∫ ∞
0
d3pexp[
E − µ
T
]± 1
(10)
E = (p2 +m2)1/2 = m+ p2/2m+ h.o
since m >> T exp E−µ
T
± 1 ≈ exp[E−µ
T
]
n =
g
2pi2
exp (m− µ)/T
∫ ∞
0
p2exp
−p2
2mT
= g(
mT
2pi
)2 exp[−(m− µ)/T (11)
using the integral
∫∞
−∞ x
n exp−x2dx = Γ(n+ 1)/2
ρ =
g
2pi2
exp (m− µ)/T
∫ ∞
0
p2E exp
−p2
2mT
=
g
2pi2
exp (m− µ)/Tp2(m+ p2/2m) exp −p
2
2mT
dp
(12)
neglecting the p4/2m term,we get ρ = nm
proceeding in similar manner we get p = nT
1.3 C
TdS = d[(P + ρ)V ]− V dP (13)
2
also TdS = ρdV + V dρ+ pdV
T ( ∂S
∂V
)T = ρ+ P [since ρ is not a function of V]
using Maxwell’s relation( ∂S
∂V
)T = (
∂P
∂T
)V
T (
∂P
∂T
)V = (
P + ρ
T
)dT (14)
dP =
(P + ρ)
T
(15)
Putting Eq. 15 into 13 we get
TdS = d[(P + ρ)V ]− V P + ρ
T
dT
dS =
d(P + ρ)V
T
− V
T 2
(P + ρ)dT
= d[
(P + ρ)V
T
+ constant] (16)
Thus upto an additive constant entropy S = V (P + ρ)/T Now,according to the first law of
thermodynamics
dQ = 0
d(ρV ) + PV = 0
d[(P + ρ)V ] = V dP
d[(P + ρ)V ] = V
T
(P + ρ)dT
d[ (P+ρ)V
T
] = V
T 2
(P + ρ)dT
d[(P + ρ)V/T ] = 0
S = (P + ρ)V/T
1.4 D
Boltzmann equationLˆ[f ] = C[f ],where
Lˆf(E, t) = E
∂f
∂t
− a˙
a
|~p|2 ∂f
∂E
(17)
using |p| ≈ E
c[f ]
E
=
∂f
∂t
− a˙
a
E
∂f
∂E
3
g(2pi)3
∫
d3p
c[f ]
E
=
g
(2pi)3
∫
d3p[
∂f
∂t
− a˙
a
E
∂f
∂E
]
=
g
(2pi)3
[
∫
d3p
∂f
∂t
− 4pi
∫
dE
a˙
a
E3
∂f
∂E
](18)
By integrating by parts the above equation becomes and using n = g
(2pi)3
∫
d3pf
g
(2pi)3
∫
d3p
c[f ]
E
=
dn
dt
− g
(2pi)3
× 4pi[E3f |boundary − 3
∫
dEE2f ]
(19)
Now, f goes zero at the boundary and we get
g
(2pi)3
∫
d3p
c[f ]
E
=
dn
dt
+ 3Hn (20)
1.5 E
Friedmann equation
H2 =
8piρG
3
H =
√
8piGρ
3
(21)
using ρ = pi
2g2∗T 4
30
and mPL =
√
~c/G H = 1.66 T 2
mPL
g
1/2
∗ and for radiation dominated epoch
a ∝ t1/2 t = 0.301g−1/2∗ mPLT 2
1.6 F
1.7 SS → ff channel
amplitude
iM = iv
λSH
(p+ p´)2 −m2h + imhτh
u(k´, s´)(ig)v(k, s) (22)
|M |2 = v
2λ2SHg
2
(4m2D −m2h)2 +m2hτ 2h
∑
s,s´
u(k´, s´)v(k, s)u(k´, s´)v(k, s) (23)
4
Figure 1: Feynman diagram for the processSS → ff for S having momentap, p´ and f, f
having momenta k, k´
using completeness relations of Dirac equation
∑
s
u(p, s)u(p, s) =6 p+m (24)∑
s
v(p, s)v(p, s) =6 p−m (25)
we get
|M |2 = v
2λ2SHg
2
(4m2D −m2h)2 +m2hτ 2h
Tr[(6 k +mf )(6 k −mf )] (26)
Tr[(6 k +mf )(6 k −mf )] = 4(k´.k −m2f ) (27)
k´.k = E2 + |k|2 = 2E2f −m2f = E2cm/2−m2f = 2m2D −m2f (28)
Differential cross section
dσ
dΩ
|CM = 1
E2cm|vrel|
× |k|
16pi2Ecm
|M |2 v
2λ2SHg
2
16pi2m3D|vrel|
(29)
= × (m
2
D −m2f )3/2
[(4m2D −m2D)2 +m2hτ 2h
(30)
5
σtot =
∫
dΩ
dσ
dΩ
(31)
From Yukawa coupling we know that mf =
gv√
2
.Thus,summing over all fermion channels
〈σ|vrel|〉 =
∑
f=fermions
λ2SHm
2
f
4pi
× (1− (mf/mD)
2)3/2
[4m2D −m2h]2 +m2hτ 2h
(32)
1.8 SS → W+W−channel
Figure 2: Feynman diagram for SS → W+W−. SS having momentum p, p´ and W+W−
having momentum k, k´
Here the coupling of Higgs with W± is given by SM as g2v/2
iM = ivλSH
i
4m2D −m2h + imhτh
∗µ(k´)(ig
2v/2)µ(k)
|M |2 = λ
2
SHg
4v4
4(4m2D −m2h)2 +m2hτ 2h
∑
allpolarization
∗µ(k´)µ(k)
∗
ν(k)µ(k´) (33)
Using the completeness relation
∑
allpolarization
µ(p)
∗
ν(p) = −gµν +
pµpν
m2W
(34)
And proceeding in the similar way we did in section 2.1
|M |2 = v
2λ2SHg
4v2
4(4m2D −m2h)2 +m2hτ 2h
[2 +
(2m2D −m2W )2
m4W
] (35)
6
In terms of mass of W bosons mw = gv/2 and using equations 29,31 we finally get
〈σ|vrel|〉W± = 2λ
2
SHm
4
W
8pim2D
× (1− (mZ/mD)2)1/2 ×
[1 + 1
2
(1− 2m2D/m2W )2]
[4m2D −m2h]2 +m2hτ 2h
1.9 SS → ZZchannel
Figure 3: Feynman diagram for SS → ZZ. SS having momentum p, p´ and ZZ having
momentum k, k´
Here the calculation is as same as the previous came.Except here the coupling of
Higgs with Zbosons is g2v cos2 θw, and mZ =
gv cos θw
2
√
2
.
〈σ|vrel|〉ZZ = 2λ
2
SHm
4
Z
16pim2D
× (1− (mZ/mD)2)1/2 ×
[1 + 1
2
(1− 2m2D/m2Z)2]
[4m2D −m2h]2 +m2hτ 2h
(36)
1.10 SS → hh channel
Here three possible channels are there.
Here the self-coupling between Higgs is given by the co-efficient of h3 term in Higgs potential
µ22(v + h)2 + λ
4
(v + h)4 which is in terms of Higgs mass −m2h
2v
The amplitude term
iM1 = ivλSH(i)
−im2h
2v(4m2D −m2h)
(37)
iM2 = iλSHv
i
[(p−k)2−m2D
]2
(p− k)2 ≈ m2h −m2D
iM3 = iλSH/2 Now total amplitude for the process becomes
iM = i(M1 +M2 +M3) (38)
7
Figure 4: Feynman diagram for SS going to hh via higgs
Figure 5: Feynman diagram for SS going to hh via S. SS having momentum p, p´ and h, h
having momentum k, k´
proceeding in the similar way as in previous sections we get
〈σ|vrel|〉hh = 2λ
2
SH
128pim2D
× (1− (mh/mD)2)1/2 × [1 + m
2
h
4m2D −m2h
+
2λSHv
2
m2h − 2m2D
]2 (39)
8
Figure 6: This diagram resembles to the four fermi interaction
9
